missile wounds, and compression. Moreover, gluteal-level nerve injuries are frequently caused by local injections and hip joint surgery, whereas ankle-level injuries are often caused by chronic compression (tarsal tunnel syndrome). 9, 19 Although nerve injuries caused by missiles are probably less frequent than missile fractures or vascular injuries, they still make up approximately one fifth of shotgun wounds in the limbs. 4, 7 For a long time, knowledge of tibial nerve or tibial division repair was based mostly on wartime experiences, 3, 11, 15, 16, 21 but in the last decade data from several extensive civilian series have also been reported. 5, 8, 9, 12 Nevertheless, the number of analyzed patients with complete nerve lesions in most reported studies is small, especially when categorized by pathological features and suture management.
We present the surgical results of 119 missile-induced tibial nerve and tibial division complete lesions that were repaired in one institution during a relatively short period and were managed using one particular protocol.
of the sciatic nerve underwent surgery in the neurosurgical department of the Military Medical Academy, Belgrade. In 369 (91.8%) of these 402 patients, the nerve lesion was the consequence of missile injury to the lower limb; 324 of these patients were prospectively followed up postoperatively. Of the 324 prospectively assessed patients, 205 had surgical findings related to epineural scarring, neuroma in continuity, and/or partial nerve rupture. They underwent external neurolysis, interfascicular neurolysis, and/or split repair.
In this report we focus on 72 patients with complete discontinuity of the tibial nerve or tibial division of the sciatic nerve and 47 patients with nontransmitting lesions in continuity requiring resection and repair. Treatment consisted of 55 repairs of the tibial division of the sciatic nerve-21 in the gluteal region and 34 in the upper thigh region-and 64 repairs of the tibial nerve. Nerve injuries were caused by gunshot wounds in 48 patients and shell fragment wounds in 71 patients. Patients had a mean age of 28.6 Ϯ 8.6 years (range 12-53 years).
According to the position of the proximal stump, the level of the lesion (repair) was defined as high (above the middle of the thigh), intermediate (between the middle of the thigh and the popliteal crease), or low (distal to the popliteal crease).
Initial Surgical Treatment
Soon after the missile injury and prior to nerve repair, all patients in this series underwent initial surgical treatment of the missile wound, which was performed by an orthopedist, general surgeon, vascular surgeon, or plastic surgeon. Devitalized soft tissue was resected and damaged blood vessels were reconstructed, if necessary. A plastic surgeon treated soft-tissue defects 3 to 5 days after injury by using skin flaps or epidermal skin grafts. We reported on only those soft-tissue defects with a considerable size (Ͼ 6 ϫ 5 cm), that is, those exposing nerves or blood vessels. Bone fractures in the vicinity of the nerve were also treated immediately after injury, with the apparatus for external skeletal fixation staying in situ for 3 to 4 months or even longer sometimes. Thereafter, internal bone fixation was performed in some patients.
Some of the preceding operations were performed at our hospital, which was the main trauma center, and a neurosurgeon was present to assess the nerve injury. In the majority of cases, however, initial surgery was performed without a neurosurgeon, in a regional military hospital near the battlefield. Nevertheless, the surgeons who performed the operations in these patients were clearly instructed on what to do if they found the nerve transection inside the missile wound. In several patients, nerve stumps were loosely approximated longitudinally without tension, with one to two transneural or paraneural No. 5-0 anchor sutures. Note, however, that in most patients the gap was too long for such a procedure and the stumps were tacked down to the surrounding tissue. During the initial surgical treatment, tibial nerve or tibial division transection was verified and managed as described in 21 patients. On admission to our hospital, intraoperative findings regarding the nerve injury had to be clearly stated in the patient's medical record.
Timing of Nerve Surgery
If we were aware of the nerve transection since the initial surgical treatment, the nerve repair was performed as soon as the clinical state of the patient and conditions in the repair region made it possible (usually within the first 4-6 weeks after injury). Several other patients also underwent surgery at the same time because of pain syndromes or popliteal artery pseudoaneurysm.
All other patients were monitored by clinical and electromyographic means for signs of early regeneration at least until the end of the 3rd month. If spontaneous regeneration did not occur, surgical exploration and intraoperative nerve recording were used to determine the need for nerve repair. Reasons for delayed repair included bone fracture complications, chronic infection in the repair region, and prolonged treatment of the associated craniocerebral or thoracoabdominal injuries.
Surgical Technique and Intraoperative Findings
Operations were performed microsurgically following the induction of general or epidural anesthesia. To expose the nerve in the buttock, thigh, or popliteal region, the patient was placed prone; leg-level or ankle lesions were approached with the patient placed supine and the leg rotated externally. Incisions were made in the usual manner, 9, 12 except when local findings (for example, extensive scar, skin flap, external bone fixator, or extensive contracture) in the repair region demanded some modification.
We first undertook external neurolysis, which was performed starting in areas of healthy tissue and finishing in less healthy regions. Splitting of the sciatic nerve into its peroneal and tibial divisions, both proximal and distal to the lesion, preceded evaluation of the tibial division.
As mentioned earlier, we knew of 21 of 72 complete ruptures of the tibial nerve or tibial division from the initial surgical treatment. In the remaining 51 patients, nerve stumps were connected via a fibrous bridge containing no fascicles (35 patients) or the stumps were completely separated but still in the same plane (13 patients). In three patients, the nerve stumps were not only separated but also directed to different planes and caught on adjacent fracture callus or abundant scar tissue.
If a lesion in continuity was found after external neurolysis, direct intraoperative recording of nerve action potentials guided management decisions. In 47 patients, no nerve action potential was transmitted across the lesion, so resection and repair were indicated. Typical neuroma in the form of firm, fusiform enlargement existed in only 23 patients. In the other patients, the nontransmitting segment was characterized by anomalous color, unusual consistency, and/or sparse or absent vascularization. Sometimes it was thinned, soft, boil-like or, conversely, diffusely fibrotic, especially if long-term local infection had existed in the vicinity of the nerve.
Proximal and distal nerve stumps or nontransmitting nerve segments were resected to healthy epineurium and normal fascicular and vascular architecture. In three patients, end-to-end epineural suture (3-5 monofilamentinterrupted nylon stitches) was possible, because the gap could be bridged with no tension by mobilization of the nerve stumps and by flexion of the knee joint (up to 20˚). Flexion of the knee joint existed at the time of nerve repair because of the external skeletal fixator in situ.
In the remaining 116 patients, graft repair had to be per-formed using grouped interfascicular techniques (three-five grafts). The most frequent donor for an autograft was the sural nerve (105 patients). A superficial branch of the radial nerve or medial cutaneous antebrachial nerve was used or combined when the sural nerve was not accessible in sufficient length or was not available at all (for example, contralateral leg amputation or unilateral or bilateral damage of the soft tissue of the leg). The length of nerve graft was approximately 10% longer than the corresponding nerve defect. Postoperatively, a limb was not routinely placed in a cast or immobilized. Patients were encouraged to move relatively soon and underwent intensive and prolonged physical therapy, unless orthopedic limitations (skeletal fixator) had existed.
Assessment of Repair Outcome
The mean postoperative follow-up period was 5.8 years (minimum 4 years). The final outcome was defined on the basis of sensory recovery, motor recovery, EMNG-demonstrated recovery, and patient judgment. Each of the four parameters was scored on a scale ranging from 0 to 5 points: motor (M-score), sensory (S-score), EMNG (E-score), and patient judgment (P-score; Table 1 ). Given that the analyzed nerves were affected by the complete lesion and needed repair, preoperative clinical grades were M0S0 for all of them. Sensorimotor recovery was estimated according to the British MRC scale, 13, 16 with slight modification: MRC Grades 3ϩ and 4 corresponded to our S4 and S5 grades, respectively, and MRC Grades 2ϩ and 3 corresponded to our S3 grade.
Assessment of EMNG recovery was based on the following factors: SDA (graded 0-3), MCV, SCV, shape of MAPs, and IP (graded 1-3; Table 1 ). Polyphasic (Ͼ four phases) and complex (Ͼ five turns) MAPs composed the reinnervation criteria.
Before they judged the quality of the final outcome, patients were instructed in detail about the function of the damaged nerve. This discussion was especially important if multiple nerve lesions or severe associated soft-tissue damage existed. Patients compared their outcome with the preoperative condition as well as their condition at the previous checkup, 4 to 7 months earlier. They were asked to answer several questions, particularly whether they were satisfied with the outcome. After that, they judged the quality of recovery more precisely and had to explain in their own words the reasons for their choice.
Useful sensory recovery was defined as the reestablishment of superficial pain sensibility and some tactile sensibility (Ն Grade S2), whereas useful motor recovery meant regaining flexion of the foot against mild resistance and some foot inversion (Ն Grade M3). Good EMNG recovery and affirmative patient judgment required grades of at least E3 and P3, respectively.
On the basis of total points obtained by adding the M-, S-, E-, and P-scores, the final outcome was defined as poor (0-6 points), insufficient (7-10 points), good (11-14 points), or excellent (15-20 points). Good and excellent outcomes were considered to be successful.
We also tested the influence of the following four factors on the final outcome: level of repair, length of nerve graft, duration of preoperative interval, and patient age.
Statistical Analysis
Data processing was performed using commercially available statistical software (SPSS, version 11.5 for Windows; SPSS, Inc., Chicago, IL). Values were presented as the means Ϯ standard deviation, and a probability value less than 0.05 (two-sided) was considered to be statistically significant. Characteristics between two experimental groups were compared using the unpaired Student t-test ) for categorical data. Data from three or more groups were compared using one-way analysis of variance, Kruskal-Wallis test, and Friedman test, depending on the data category. Univariate regression analysis was performed to study the correlation between two variables, and Forwald-Wald multivariate logistic regression analysis was used for the prediction of a successful outcome. Critical values of the nerve defect and preoperative interval for a successful outcome were calculated on the basis of the area under an ROC curve.
Results

Clinical Data
The series included 33 high-level, 72 intermediate-level, and 14 low-level repairs. All high-level repairs as well as 22 of the intermediate-level repairs were performed on the tibial division of the sciatic nerve. The most distal repairs (two patients) were performed in the tarsal tunnel, whereas the most proximal repairs were performed at the gluteopelvic level (six patients) and required section of the piriform muscle to facilitate exposure in the region of the sciatic notch.
Peroneal nerve or peroneal division injury also existed in 48 patients and 26 of them required peroneal nerve repair at the same time as the tibial nerve repair. Sixty-seven patients had missile-induced bone fracture in the nerve repair region, and 25 had considerable soft tissue defect, usually in the medial leg or popliteal and posterior thigh regions. Lesions of the main artery (femoral artery and popliteal artery or its terminal branches) existed in 18 patients.
Among the 116 nerves repaired by grafting, the graft material was 2 to 16 cm in length (shorter than 4 cm in 23 patients), with a mean length of 5.4 Ϯ 1.9 cm (Table 2) .
Patients underwent surgery a mean of 3.7 Ϯ 2.5 months after injury (range 1-12 months). The preoperative interval was shorter than or equal to 3 months in 69 patients (Table 3) for the reasons described in Clinical Material and Methods.
Mean values of the nerve defect, preoperative interval, and patient age did not differ significantly between groups of patients with various levels of repair (analysis of variance, p Ͼ 0.05).
Recovery After Nerve Repair
Maximal sensorimotor recovery scores were Grades S3 and M3 for high-level, S4 and M4 for intermediate-level, and S4 and M5 for low-level repairs (Table 4) .
Useful sensory recovery was noted in 17 (51.5%) of 33 high-level repairs, 47 (65.3%) of 72 intermediate-level, and 13 (92.8%) of 14 low-level. The rates of useful motor recovery were 15 (45.5%), 47 (65.3%), and 14 (100%), respectively ( Table 5 ). The rates of useful sensorimotor recovery (grades Ն S2 and Ն M3) and affirmative patient judgment (grade Ն P3) depended significantly on the repair level ( 2 test). These rates were similar to each other for low-level repairs (McNemar test, p Ͼ 0.05), but for highlevel and especially intermediate-level repairs, affirmative judgment was more uncommon than expected on the basis of useful clinical recovery and good EMNG recovery (McNemar test).
All scores depended significantly on the repair level (Kruskal-Wallis test; Table 6 ). Differences between average scores (S-, M-, E-, and P-scores) were significant for each level of repair (Friedman test and Wilcoxon test).
Overall Outcome
Among the entire study population, the mean total score was 9.8 Ϯ 4.1 (domain of insufficient/good outcome). For high-, intermediate-, and low-level repairs, the total score was in the domain of insufficient, insufficient/good, and good/excellent outcomes, respectively (Kruskal-Wallis test, p Ͻ 0.001; Table 6 ). A successful outcome was obtained in 58 patients (48.7%). Differences in outcome among high-, intermediate-, and low-level repairs were highly significant for the four outcome categories or when only successful or unsuccessful outcomes were considered (Table 7) . Successful outcome followed 10 (30.3%) of 33 high-, 36 (50%) of 72 intermediate-, and 12 (85.7%) of 14 low-level repairs. 
Factors Influencing Outcome
The average values of the nerve defect and preoperative interval were significantly less in patients with a successful outcome than in those with an unsuccessful outcome (Student t-test; Table 6 ). Worsening of outcome began with a nerve defect longer than 5 cm and preoperative interval longer than 4 months ( 2 test). Critical values for a successful outcome regarding length of the nerve defect (5 cm) and preoperative interval (4 months) were also calculated (ROC curve; Table 8 ).
The average age was similar in patients with and without a successful outcome (p Ͼ 0.05; Table 8 ).
The level of repair, preoperative interval, and length of nerve defect correlated significantly with the repair outcome (univariate regression analysis; Table 8 ), and these factors were also independent predictors of a successful outcome (multivariate logistic regression analysis).
Patients with soft-tissue defect, main artery lesion, and/or bone fracture had poorer results to some extent after tibial nerve repair than did patients without such local damage, although the differences in outcomes were not statistically significant (p Ͼ 0.05). Of 25 patients with at least two types of associated injury, nine (36%) had a successful outcome, whereas only one (14.3%) of seven patients with all three associated injuries had a successful outcome. Note, however, that there was no significant difference in relation to the control groups without associated injuries (p = 0.152 and 0.115, respectively).
Discussion
Assessment of Results
An appraisal of the outcome following nerve repair was usually based on clinical (sensorimotor) recovery and EMNG recovery, excluding the patient's judgment of the quality of the outcome. We assert that the combination of all three aspects of recovery enables the most credible assessment of outcomes after tibial nerve suture.
In principal, some plantar flexion and minimal plantar sensation must be present to consider the outcome as useful after tibial nerve repair. Outcomes of more distal repairs in the leg and ankle are assessed mainly on the basis of recovering sensitivity.
The response of the plantar surface to pinprick and touch, even without clear localization, indicates a sufficient degree of sensitivity recovery after tibial nerve repair. In the present series, we used the same sensory scale as that used for nerves in the upper extremity; thus, Grades S4 and S5 required recovery of tactile location and discrimination, in contrast to the grading system used by Kim and colleagues 9 and Kline, et al. 12 Our Grade S2 corresponds to their Grade 3, and our Grade S3 corresponds to their Grades 4 and 5. Nevertheless, the results of these studies can be compared with ours, because the criteria for the recovery of useful sensitivity are similar (Grades 3 and S2, respectively).
Useful motor recovery required contraction of the gastrocnemius muscle against moderate resistance, with some degree of ankle inversion. Recovery of plantar flexion was first evident 14 to 18 months after buttock-level repairs and 7 to 10 months after midthigh repairs. It seems that a relatively small number of fibers are needed to reinnervate the gastrocnemius muscle enough for function to occur.
9,12
Good ankle inversion and toe flexion, reflecting sufficient reinnervation of the posterior tibialis and long flexor muscles, were not so frequent, and the function of the intrinsic foot muscle was regained only rarely.
Outcomes of Repair
The tibial nerve is not often transected after missile injuries. In a large study of tibial nerve lesions, Kim and colleagues 9 did not report on complete missile-induced nerve rupture at the knee and leg level, and Kline and associates 12 found only 18 such injuries on the tibial division at the buttock or thigh level. In the majority of cases, nerve lesions are found in continuity, with neuromas arising from the focal contusion caused by the transfer of kinetic energy from the projectile to the adjacent nerve. 13 From a clinical standpoint, more important than missile velocity is the efficiency of energy transfer, which is dependent on the projectile's physical characteristics, the path traveled through the body, and the biological characteristics of the tissues. 1 Complete nerve transection, caused mostly by direct passage of the projectile through the tibial nerve, existed in 72 (22.2%) of 324 our prospectively assessed patients with missile-induced tibial nerve or tibial division injuries treated through surgery.
Several authors have reported poor results after tibial division or tibial nerve repair, especially in the untidy severe wounds incurred during war; 2, 6 in contrast, Kline and colleagues 12 noted a useful outcome in 69.6% of nerve grafts following buttock-level repairs and in 72.2% of nerve grafts after thigh-level repairs. In the latter study, useful recovery
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Missile-induced complete lesions 627 There are several reasons why our results are somewhat worse than those in the cited literature, particularly for the intermediate-and high-level repairs: proximal lesions (high or intermediate) accounted for 88.2% of our series, an endto-end suture was possible in only three patients, the nerve graft was longer than 6 cm in more than one fourth of patients, one third of patients had a main artery lesion, and more than one half of patients had bone fracture in the nerve repair region. Furthermore, almost 30% of our patients had considerable soft-tissue defects in the nerve repair region, which aggravated the final outcome, especially if posterior leg muscles were involved. Because of such defects and/ or the missile rupture of tiny muscular branches, two patients who had undergone low-level repairs recovered only to Grade M3, although the lesion was below the origin of the gastrocnemius and soleus muscle branches. The two patients who had undergone repair at the ankle level were considered to have motor recovery of Grade M5.
Including patient judgment in the assessment of the final outcome to some extent degraded the final results. Wounded persons were dissatisfied with the outcome more than expected on the basis of clinical and EMNG recovery, especially after proximal repairs. Patient judgment correlated more closely with motor than with sensory recovery, again especially after proximal repairs. If only the clinical aspect of recovery was analyzed, then useful sensitivity recovery was observed in 51.5, 65.3, and 92.9% and useful motor recovery in 45.5, 65.3, and 100% of high-, intermediate-, and low-level repairs, respectively.
Simultaneous peroneal nerve rupture existed most frequently at the proximal level (14 of 33 high-level repairs), where both tibial and peroneal divisions were encompassed by a single epineurial sheath. The rate of such injuries was considerably lower for intermediate-level (11 of 72 repairs) and low-level repairs (one of 14 repairs).
Factors Influencing Outcome
Preoperative Interval. One of the most significant variables in determining the repair outcome is the duration of the delay in performing surgery. 2 It is well known that blunt transections with associated contusions are best surgically explored after a delay of several weeks so that the extent of necessary resection can be accurately determined. Wartime missile-induced nerve ruptures should be repaired within the first 3 months after injury. 17, 18 Two thirds of the patients in our study underwent surgery within the first 4 months after injury. The preoperative interval was sometimes considerably longer than 3 months and delaying was the consequence of prolonged treatment of craniocerebral injury or an injury in the repair region. On average, the preoperative interval was significantly shorter in the patients with a successful outcome, compared with that in those with an unsuccessful outcome. Worsening of the outcome began with a preoperative interval longer than 4 months. The preoperative interval was an independent predictor of a successful outcome.
Length of the Graft. Nerve gaps are related to the extent of the initial trauma and the passage of time. The use of grafts permits adequate resection back to healthy neural tissue and the ability to bridge the gap thus created. 10 In principle, shorter grafts work better than longer ones. 9 In our series, the mean length of the nerve graft was 5.4 cm, but would have been even longer if stumps distraction had not been prevented during initial treatment of the missile wound. The nerve defect was significantly shorter in patients with a successful outcome than in those with an unsuccessful outcome. Worsening of the outcome began with a nerve defect longer than 5 cm. The defect length was an independent predictor of a successful outcome.
Repair Level. According to experience acquired during World War II, useful recovery followed 60% of tibial nerve repairs at the popliteal level, but only 27% (plantar flexion) or 39% (sensibility) of repairs at higher levels. 16 Taha and Taha 18 demonstrated useful motor recovery in 71% of the sutures at the thigh level and in only 31% of the sutures at the buttock level. Several other authors also recognized the influence of the repair level on outcome. 16, 18 Differences in outcome between high-, intermediate-, and low-level repairs in our series were also highly significant.
Patient Age. According to the majority of authors, better recovery occurs in children than in adults, although this assertion was not confirmed in our series. Our patients ranged in age from 12 to 53 years, but most of them were in the third or fourth life decade and few were extremely young or extremely old. Therefore, it did not come as a surprise that the average age was similar in patients with a successful or an unsuccessful outcome.
Associated Injuries in the Repair Region. According to our results, complex orthopedic, soft-tissue, and vascular injuries worsened the outcome after tibial nerve repair, but not significantly. Nevertheless, such findings should be accepted with caution, because the groups of patients with and without associated injuries were not unified according to the level of repair, length of nerve defect, and duration of preoperative interval.
Conclusions
On the basis of the results obtained, we concluded the following. 1) The level of repair, length of nerve defect, and duration of preoperative interval significantly influence the outcome after tibial nerve and tibial division repair. All of these factors are independent predictors of a successful outcome. 2) Patients are more dissatisfied with the outcome than expected on the basis of clinical recovery, especially after proximal repairs.
3) The best outcome can be achieved after repair at the midthigh and leg levels, within the first 4 months after injury, and by using grafts shorter than 5 cm. Nevertheless, delayed repairs, repairs with longer grafts, and high-level repairs are also worthwhile.
